Abstract China is facing the challenge of feeding a growing population with the declining cropland and increasing shortage of water resources under the changing climate. This study identified that the opportunistic profit-driven shifts of planting areas and crop species composition have strongly reduced the food production capacity of China. First, the regional cultivation patterns of major crops in China have substantially shifted during the past five decades. Southeast and South China, the regions with abundant water resources and fewer natural disasters, have lost large planting areas of cropland in order to pursue industry and commerce. Meanwhile, Northeast and Northwest China, the regions with low water resources and frequent natural disasters, have witnessed increases in planting areas. These macroshifts have reduced the national food production by 1.02% per year. The lost grain production would have been enough to feed 13 million people. Second, the spatial shifts have been accompanied by major changes in crop species composition, with substantial increases in planting area and production of maize, due to its low water consumption and high economic returns. Consequently, the stockpile of maize in China has accounted for more than half of global stockpile, and the stock to use ratio of maize in China has exceeded the reliable level. Market-driven regional shifts of cropping practices have resulted in larger irrigation requirements and aggravated environmental stresses. Our results highlighted the need for Chinese food policies to consider the spatial shifts in cultivation, and the planting crop compositions limited by regional water resources and climate change.
Introduction
Food production and consumption in China exert a strong influence on the global food security and markets. Although accounting for only 6% of the global arable land, China feeds more than 1.3 billion people and generates 24% of the total food production in the world (U.S. Department of Agriculture [USDA], 2017) . China is the leading producer of rice over the globe, accounting for 30% of the world's rice production (USDA, 2017) . Moreover, China is also the leading producer of wheat and the second largest producer of maize, producing 17% and 23% of the global wheat and maize, respectively (USDA, 2017) . Therefore, crop production in China has significant implications beyond the country's borders. For example, the crop failure due to winter drought in eastern China's wheat-growing season of 2011 forced China to substantially increase the import of wheat, which led to a doubling of wheat prices in the international market, made bread prices tripled in the world's largest wheat importer Egypt, and indirectly resulted in a civil unrest (Sternberg, 2012) .
Because of its national and global significance, China's food production has been closely monitored and examined. The temporal trends and spatial patterns of grain production in China, as well as their driving forces, have been studied extensively at regional and national scales (C. Q. Chen et al., 2011; Tao et al., 2014; Yuan et al., 2014) . Numerous studies have reached a consistent conclusion that China is facing the challenge of feeding its growing population with declining water resources and changing climate (Tao et al., 2014; Zhao et al., 2017) . A previous study showed that China experienced yield stagnation more acutely YUAN ET AL. 634
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than other countries, with more than half of the areas dedicated to cultivation of maize, rice, wheat, and soybeans failing to achieve yield improvement (Ray et al., 2012) . In addition, the country's rapid economic development has led to an increased domestic food consumption and an intensified utilization of the limited arable land base . These have forced the Chinese government to abandon its long-held policy of grain self-sufficiency and to increase the grain imports ( Figure S1 in the supporting information).
Numerous studies predominantly examined the impacts of climate variability on grain production, and none, to our knowledge, has investigated the effects of profit-driven cross-region shifts in cropping areas and crop composition on the food production in China. For hundreds of years, South and Southeast China were the most important grain production areas because of abundant rainfall. Since the implementation of the Reform and Opening Up policy starting in 1979, the Chinese government attached importance to economic development. As a result, large areas of grain-producing cropland in South and Southeast China have been replaced by urbanization (J. Y. Liu et al., 2003) or converted to other land use types with higher economic returns (Cao, Lv, et al., 2014) . On the contrary, the crop practices substantially increased in the Northeast and Northwest China largely driven by the expansion of irrigation agriculture, where it turns out to be a new center of grain production.
However, market-driven regional shifts of crop practices did not match with the patterns of water availability and climate change. The regions of Southeast and South China with abundant water resources lost large planting areas of cropland in order to pursue industry and commerce. Meanwhile, the regions of Northeast and Northwest China with deficient water resources increased the crop practices. In addition, rising studies reported that natural disasters in the Northeast and Northwest China are more frequent than in the South and Southeast China (Shi & Kasperson, 2015; Yuan et al., 2014) . This research therefore strives to answer the scientific question of how the market-driven regional shifts of cropping practices impact food production of China through the interactions with water resource and climate change. Addressing and quantifying this impact will greatly improve our mechanistic understandings of food production capacity and its responses to national policy and climate change.
Materials and Methods
In order to quantify the impacts of spatial shifts in planting areas on crop production in China, we calculated potential crop production by assuming no spatial shifts in planting area. First, it was assumed that all regions will retain the constant shares of planting areas to the entire country:
where r i is the proportion of planting area of the ith province accounting for the entire country, Area i,1960 is the mean values of planting areas of the ith province in 1960, and Area T,1960 is total planting areas of the entire country in 1960.
The potential planting area (AreaP i,j , ith province at jth year, and j starting from 1961), assuming no spatial shifts, can be calculated as
where Area T,j is the total planting area of entire country at jth year.
The potential production of the ith province at jth year (ProdP i,j ) can be calculated as the following equation by actual per unit area yield of the ith province at jth year (YPA i,j ) from the statistical yearbook.
The impacts of the spatial shifts of planting areas on crop production in China can be quantified using the differences between ProdP i,j and actual statistical production (ProdA i,j ).
In addition, this study investigated the impacts of regional shifts of planting areas on irrigation. The crop irrigation requirement (Crop Irri , mm) is defined as the depth (or amount) of water needed to meet the water loss through evapotranspiration. In other words, it is the amount of water needed by various crops to grow optimally. Reference crop evapotranspiration is calculated based on the Penman-Monteith model (Allen et al., 1998) shown below We simulated the crop irrigation requirements from 1960 to 2014 using an interpolated temperature, precipitation, wind speed, vapor pressure deficit (Yuan et al., 2015) , and the reanalysis data set of R n (Global Modeling and Assimilation Office, 2004). All simulations were conducted at the province level, and the meteorological variables were averaged based on the province boundary.
A global data set of Palmer Drought Severity Index (PDSI) at 2.5°resolution was used to investigate long-term drought trends in China (Jacobi et al., 2013) . The PDSI is the most prominent index of meteorological drought used worldwide. The PDSI incorporates antecedent and current moisture supply (precipitation) and demand (evapotranspiration) in a hydrological accounting system. The PDSI was additionally used to quantify longterm changes in global and regional drought events . Table 1 lists the sources of all statistical data used in this study.
Results
The arable land resources in China have experienced significant changes in time and space. The area of grain cultivation decreased by more than 9%, from 120 million hectares (mha) in the1960s to 106 mha in the 2000s ( Figure 1 ). Most regions, especially the major grain production areas with abundant water resources (i.e., Southeast, South, and North China), have witnessed acute decline in planting areas ( Figure 1 ). In contrast, planting area in regions with low water resources, such as the Northeast, Northwest, and Southwest China, has increased in recent years ( Figure 1 ).
As a result, cropping area shares shifted substantially across the regions over time. On average, the planting area in Southeast China decreased from 27.9% of the entire country in the 1960s to 25.1% averaged for 2000-2014 ( Figure S2e ). The proportion of planting area in the South China, North China, Loess Plateau, and Tibetan Plateau also declined over time (Figures S2i, S2c, S2f, and S2d) . However, the shares of other regions (i.e., the Northeast, Northwest, and Southwest China) increased. For example, Northeast China only accounted for 10.5% of the total planting area in the 1960s, which increased to 15.7% in the 2000s ( Figure S2a ). As a result, the distribution of grain production shifted greatly. The contribution of crop production in Southeast China to the national total decreased from 35.3% in the 1960s to 28.5% in the 2000s. In contrast, the proportion of overall crop production in the Northeast and Northwest increased by 9.9% and 2.6%, respectively over the same period (Figures S2a and S2b). 
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Besides the regional shifts in cropping area shares, the proportions of the three major grains (i.e., rice, wheat, and maize) and the crop composition experienced substantial changes as well. In the main traditional rice production areas of Southeast, South, and Southwest China, the planting areas of rice significantly decreased, while increasing trends were observed in the Northeast, Northwest, and North, where water is highly limited (Table S1 and Figure S3a ). The planting areas of maize significantly increased in all regions ( Figure S3c and Table S1 ), particularly in the Northeast and North with an increasing rate by more than 0.1 mha/year (Table S1 ). In contrast, the planting areas of wheat only significantly increased in the North ( Figure S3 and Table S1 ) but significantly decreased in other regions (i.e., Northeast, Northwest, South, and Loess Plateau).
Nationally, the planting areas of maize increased continuously since 1960, but the planting areas of other crops either decreased or remained stable (Figures 2a, S4a , and S5a). The share of maize planting area increased from 11.51% in 1960 to 32.93% in 2014, becoming the largest among all grain crops ( Figure S4a ). Maize production increased continuously with the share reaching 35.53% in 2014 ( Figure S4b ), and the production shares of rice and other grains gradually decreased ( Figure S4b ). Maize production dominated the increases of grain production that 43% (even more than 75% from 1990) increase of grain production can be attributed to maize production since 1960 ( Figure S5c ).
Agricultural areas are often affected by disasters that are not evenly distributed in China. Higher fractions of croplands are affected by natural disasters in the northern regions with substantially increased proportion of planting area than in the southern regions with decreased cropland shares (Figure 3e ). Averagely for 1960-2014, natural disasters impacted cropland area in the Northeast and Northwest by 32% and 33%, respectively (Figure 3e ). These percentages were substantially higher than those for most of the southern regions, where the affected rates were generally smaller than 25%. The disaster-stricken areas increased significantly over time in all regions except the North. The highest increasing rates were 0.49 and 0.61%/year, respectively, in the Northeast and Northwest coupled with the largest increases of planting areas (Figure 3e ). Most natural disasters were related to climate change in the Northeast and Northwest areas. More than 75% of natural disasters were extreme climate events, such as droughts and floods ( Figure S6 ). Using the PDSI, we identified significantly increasing droughts in Northeast, North, and Southwest China over the past few 
10.1002/2017EF000641
Earth's Future decades ( Figure S2 ). With the existing low availability of water resources, extreme climate events such as droughts and interannual variability of precipitation brought more difficulty for rain-fed agriculture in the northern regions.
The macroshifts in cropping area in China significantly reduced the national crop production by 5.11 million tons annually from 1961 to 2014 (Figure 4) . Comparatively, the realized mean increasing rate of the annual total crop production in China was 2.78% during the same period. Without the reduction from regional shifts in cropping area, the increasing rate in the annualized grain production would be 3.8% (36% higher than the realized rate). The lost grain production would have been enough to feed 13 million people on average at 386.60 kg/year per-capita grain consumption rate (Tang & Li, 2012) . A significant decrease in grain production was observed from 1960 to 2014, especially after 1984 when grain production decreased by 0.81 million t/year (y = À0.81x + 1,597, R 2 = 0.93, p < 0.01). The negative impacts were particularly evident and strong during the past decades in most regions, except for Northeast, Southwest, and Northwest China ( Figure S7 ).
The increases in cropping area in the Northwest, North, and Northeast were largely driven by the expansion of irrigation agriculture. Water resources in China are unevenly distributed with a general abundance in the 
Earth's Future southern regions and a relative deficiency in the northern regions (Figure 1 ). Average annual precipitation in the Northwest, North, and Northeast is 187, 622, and 616 mm/year, respectively for 1960-2014 (Figure 1 ). The amounts are insufficient or marginal for crop production. Given the low amount and high interannual variability of precipitation, crop production in these areas strongly depends on irrigation. Model simulations showed larger crop irrigation requirements over Northwest, North, and Northeast China than other regions ( Figure S8 ). In fact, averaged for 1972-2014, irrigated area in the Northeast, North, and Northwest accounted for 20, 40, and 54% of the national arable area, respectively (Figure 2d ). The Northeast and Northwest, with the fastest extension of planting areas, showed the largest increasing rates of irrigation area (Figure 2d ). The spatial shifts of planting area increased crop irrigation over the entire country by 1.87% in the 1960s to 31.14% in 2000-2014 ( Figure 5) . Especially, the Northeast and Northwest showed substantial increases in cropland irrigation resulting from increased planting areas and changes in crop types ( Figure S9 ).
Discussion

Causes for Regional Shifts of Cropping Area and Composition
The geographic shifts of cropping area and crop composition in China shown in this study have been largely controlled by national policies and market conditions. Trying to produce enough food to feed China's large population, the Chinese government has used grain production as the core indicator of the regional development status since the 1950s. Agricultural reclamation, nationally initiated in the 1960s, has resulted in increases in planting area throughout the 1960s to 1970s (Figure 1 ). Since 1979, the areas of North, Southeast, and South China with the earliest implementation of the Reform and Opening Up policy have become the major regions of economic and industrial development with the highest gross domestic production (Figure 2c ) and the largest cropland losses (Figure 2a) . Province-level statistical data averaged over [2000] [2001] [2002] [2003] [2004] [2005] [2006] [2007] [2008] [2009] showed that more than 28% and 31% of cropland was converted for urban development in North and Southeast China, respectively; 38-66% of cropland was converted for uses with higher economic profits such as aquaculture and timber production in North, Southeast, and South China ( Figure S9 ). Net increases in cropland occurred in areas of Northeast and Northwest China, benefiting from the reclamation and conversion from economic forests (Figure 2b ).
Ecological engineering programs have also substantially affected the planting areas in China (Cao, Ma, et al., 2014) . The six key ecological engineering programs (e.g., the Three Norths Shelter Forest System Project, the Natural Forest Conservation Program, and the Grain to Green Program) are unprecedented in China's ecological and environmental history in terms of geographic extent, government budget, and social mobilization (D. Liu et al., 2014) . For example, the Grain for Green Project (GGP) launched in 1999 returns cultivated land across China to forest or perennial grassland, in order to reduce water and soil erosion (Feng et al., 2015; Lu et al., 2017) . This project has been implemented in more than 2,000 counties across 25 provinces and autonomous regions. About 8.68 million hectares of cropland have been converted to forests from 1999 to 2010 according to statistical data (Deng et al., 2012) . These programs have led to a substantial decrease in cropland area.
The changes in planting areas of the three staple crops have been driven by their market conditions and adaptation to water availability. Although Northeast and Northwest China witnessed increases in planting areas, the limited water resources strongly restricted the selection of crop types able to be planted. The previous study showed that rice and wheat require equivalent amounts of water for a unit yield (0.97 m 3 H 2 O/kg yield), which is almost the double of the water requirement for maize production (0.55 m 3 H 2 O/kg yield) (Zwart & Bastiaanssen, 2004 ). According to province-level statistics, the cost 
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Earth's Future of irrigation for maize was much lower than for wheat and rice over all regions (Table S2 ). On average, the cost of irrigation for wheat and rice was 1.78 and 2.88 times that of maize. However, maize profit was 2.40 times higher than that of wheat averaged for all regions (Table S2 ). The largest share of planting area of maize in the Northeast, Northwest, and North can therefore be attributed to its low water requirements and high economic returns.
Impacts of Regional Shifts of Crop Practices
The competition for resources between agricultural and nonagricultural sectors and across regions has been intensified by the rapid industrialization, urbanization, strong income growth, and population expansion. The Chinese government mandates that the country should never has less than 120.19 mha of arable land without setting province-based minimum targets. This study showed substantial regional shifts in crop cultivation and the subsequent impacts on crop yield in China. Northeast and Northwest China are replacing the southern regions to be the most important grain production areas. However, the limitations of water resources availability and the frequent natural disasters, particularly in the northern regions, have decreased the national total crop production by 1.02%, which offsets the rising rate of crop yields in China (Figure 4 ). It is imperative to consider regional shifts of planting area as an integral part of regional and national strategies to sustain and improve national food production and cope with the global and regional environmental changes.
Regional shifts of planting areas have partly determined the changes of crop compositions and stimulated the growth of maize production. Recent increase of maize production in China, however, greatly exceeds its domestic demand, resulting in huge stockpiles of maize. As a consequence of these changes, China's food production has changed the global trading market. For example, China has changed from a net importer to exporter of maize since 2003. However, in recent years, China is forced to import wheat to meet the shortages in domestic demand ( Figure S1 ). The ratio of stock to use for maize in China is the highest among all major maize producing countries in recent years ( Figure 6 ). China has 48% of global maize stockpile ( Figure 6 ). One analyst estimated that more than 20 million metric tons of China's maize are "so moldy or deteriorated that they are no longer suitable for human consumption or feed use," which will probably result in losses of more than $10 billion USDA, 2016). The government has realized the overproduction of maize and announced to reduce 3.33 million hectares of maize cultivation areas in the Northeast, North, Northwest, and Southwest by 2020 (Ministry of Agriculture of the People's Republic of China, 2015) .
In addition, the increases of planting area in Northeast and Northwest China strongly depend on the expended irrigation conditions because of the low rainfall. It is very important to realize that the expansion of irrigation-based agriculture has resulted in many negative environmental consequences, such as the depletion of water resources, water pollution, and soil salinization. The increase in cropping areas in these regions has substantially increased the agricultural uses of water and therefore aggravated the shortages of water resources for other uses. Ground water withdrawal for crop production in the North has led to a rapid decline in the water table (À0.8 m/year) since the 1970s (Shen et al., 2013) . Recent study highlighted that groundwater in the North and Northwest has been stressed or overstressed due to the high population and irrigation demand (Richey et al., 2015) . Moreover, irrigation has led to soil salinization on about 9 mha of arable lands in the northern regions, adversely affecting the cropland quality and crop yield (W. P. Chen et al., 2010) . How long and how extensive this irrigation-based agriculture can be sustained across various regions in China is a major scientific question that requires immediate attention.
How to strategically optimize crop production areas and crop composition in the face of a changing climate to secure food supply in the future is a major challenge for our society in general and China in particular. The food production capacity of China is expecting to decline due to climate and other environmental changes. For example, an analysis using an agroclimate model showed that, without additional irrigation, China's grain production in 2025 would be reduced to 72% of the level in 2010, highlighting the critical dependence of China's food security on future climate regimes and irrigation (Heilig et al., 2000) . Climate system models have predicted more pronounced water shortages in North and Northeast China (Wang et al., 2013) , likely putting more strict constraints on future cropping and species selection. Moreover, a recent study showed 
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Earth's Future negative temperature impacts on crop yield at the global scale that each degrees Celsius increase in global mean temperature would, on average, reduce global yields of wheat by 6.0%, rice by 3.2%, maize by 7.4%, and soybean by 3.1% . Northeast and Northwest China, the regions with the largest increases in air temperature, have witnessed increases in planting areas ( Figure S10 ). Optimizing regional patterns of cropping practices in the face of a changing climate is a grand challenge that must be addressed urgently at regional to national levels. Current practices are not sustainable for food production, given the increasing reliance on irrigation-based agriculture, accelerated drawdown of groundwater resources, more frequent extreme climate events, and worsening environmental conditions.
Conclusion
This study showed that market-driven shifts of cropping practices across regions have caused an annual loss of 5.11 million tons of grain production averaged over 1960-2014, enough to feed 13 million people. The shifts have created unintended consequences on water availability and the environment, directly challenging the sustainability of China's food production. Meanwhile, regional shifts of plating areas have altered the crop compositions. Jointly driven by the high profits and low water requirement, the planting areas of maize have substantially increased. Consequently, maize production has dominated the increases of grain production. Since 1960, 43% increase of grain production was attributed to maize production. This contribution reached even more than 75% since 1990. However, maize production has exceeded the domestic demand, which in turn creates huge stockpiles. We argue that regional shifts of cropping practices should be an integral part of regional and national strategies in dealing with national and global food security in the face of global and regional environmental changes.
